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(57) Abstract A method for joining glass 
ceramic surfaces to each other and/or other 
types of surfaces using a silicate liquid is 
disclosed. The products are suitable for use as, 
e.g, Tsamtt blanks or microlithogiaphy stages, 
al low temperatures. Component pieces* are 
polished then joined at low temperature using 
a silicate-containiT^ joining liquid. Assembly 
is then performed in such a way that the 
joining liquid forms an interface between each 
component After a period of low or slightly 
elevated temperature curing, rigid joints 
are formed throughout and the composite is 
dimensionally, vibrationally, and temperainre 
stable and can withstand tensile stresses > 4000 
psi. The room-temperature cored composite 
can be heat treated using a slow, systematic 
temperature increase to dehydrate the joints. A 
sealing coating may optionally be provided to 
prevent excess dried joining liquid bom flaking 
off the formed joint 
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Glass Ceramic Ccnnposiies 

Backgrottnd 

L Field of &e Invention 

The invention relates to the field of glass oerandc composite structiires and 
methods for forming cx)inposite ^ass ceramic structures using a low temperature 
joining process. 

IL Description of the Prior Art 

Glciss ceramics, which generally consist of an inorganic, non-porous 
material having a aystalline phase and a glassy phase, are known for specialized 
applications. Such g^s ceramics are manuj^ctured by selecting suitable raw 
materials, melting, refining^ homogenizing^ and tiien hot forming the material 
into a glassy blank After tiie g^sy blank is cooled and annealed^ a temperature 
treatment follows whereby the glassy blank is transformed into a glass ceramic 
by controlled volume aystaDization (ceramizatic^i). Ceramization is a two-step 
process; nudei are formed within the g^s at one temperature, and then grown 
at a higher temperature. Hie dual structure of the glass ceramic material can 
impart very special properties, including a very low coefficient of thermal 
©q)ansion (CTE). 

One preferred material, Zerodur® (available from Schott Glass 
Technologies, Duiyea, Pennsylvania) contains about 65-80 weight percent 
crystalline phase with a higji quartz structure, which imparts a negative linear 
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liiennal expansion. The remaining glassy phase (which surroutids the oystals) 
has a positive thermal ejqpanaan. The resulting behavior from the negatiye<TO 
aystalline phase and the positive-CTE ^assy phase is a material with an 
extremely low CTE 

5 Glass ceramics are useful in a wide variety of applications/ sudi as mirror 

substrates for astronomical telescopes; mirror substrates for X-ray telescopes in 
satellites^ optical dements for romet probes, weather satellites/ and 
microlithography; frames and mirrors for ring-laser gyroscopes; distance gauges 
in laser resonators; measurement rods as standards for precision measurement 

10 technology/ and other uses where very low CTE is iEq)ortant 

Large segments of monolithic gjlass ceramic are often used for many of the 
applications listed above. However, tiiese large segments of monolithic g^s 
ceramic are oftaci very massive. For instance, larger astronomical tdescopes can 
contain mirrors that exceed 3.6 meters, and the appropriate glass ceramic for use 

15 in such telescopes can exceed several tons. Thus, there is a need to develop light- 
weighted gjass ceramic materials to overcoxnB flie problems associated with the 
massive nature of large monolithic segments of glass ceramic 

Various joining methods for optical materials are known; e.g. heat fusion^ 
or frit braiding, however, none provides a low-temperature solution such as is 

20 provided for in the present invention. 

The known prior art for fabricating light-wei^ted blanks (ie. heat fusion/ 
frit bonding) suffers from several drawbacks. For example, pressure and 
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temperature are typically required to form strong joints at hig^ temperature. 
Developing loading/imloading fixtures for operation at T>600°C is complex and 
expensive. Furtiier, heat fusion and £dt bonding processes are conducted at 
temperatures near or above liie glass transition temperature (Tg) of tiie starting 
5 inaterial (Le., glassy Zerodur®, or ULE). The viscosity of glass is sufficiently low 
at these temperatures, such that limited fiow (deformation) can occur. This 
deformation can caizse gross dimensional changes, which can yield a defective 
mirror blank. 

Additionally, large, hi^ temperature furnaces (up to ZO m in diameter) 
10 with stringent thermal tolerances are required for heat fusion and frit bonding. 
Sudi furnaces must be custom-made and are often very expensiva Furthermore, 
^assy Zerodia:® shrinks by approximately 3% during ceramization. This 
shrinkage can cause joint stresses that result in deformation and/ or catastrophic 
failure of the mirror blank during joining. 
15 Yet another difficulty encountered in the prior art is that light-wei^ted 

miiror blanks can fail during high temperature joining when thermally induced 
stresses form at the joint interfaces (especially during cooling to room 
temperature). Such joint failure results in a 100% loss after a tremendous amount 
of value has been added to the mirrca: blank (Le., machining, polishing, water-jet 
20 cutting, assembly, high temperature fixturing, etc). 

A solution to this problem is needed^ to allow for the low-temperature 
joining of fabricated mirror blanks in a step-wise maimer. 

3 



wo 01/98225 



PCTAJSOl/41042 



Brief Desaipiian of ihe Drawings 

Figure lA is a perspective visw ot a preferred embodiment of a 
lightweight mirror blank according to Hie present invention. 

Hgure IB is a top plan view of a preferred embodiment of a lightweight 
5 mirror blank according to the present invention 

Figure IC is a side view of a preferred embodiment of a lightweight 
minror blank according to the present inventi-OTL 

Figure ID is a perspective view of a support element of a preferred 
embodiment of a li^twei^t mirror blank according to tiie present invention. 
10 I^;ure 2 is a diagrammatic representation of the molecular structure of a 

surfeure of a glass ceramic material suitable for joining according to the present 
invention. 

Figure 3 is a diagrammatic representation of the molecular structure of a 
joined glass ceramic material according to the present invention. 
15 Figure 4 is a graphical representation of the average flexural strength of 

monolithic Zerodur® compared to various joined Zerodur® compcments. 

Hgmre 5 is a graphical representation of the average CTE of joined 
Zerodur® rods. 

Figure 6 is a diagrammatic representation of the vapor pressure build up 
20 between bulk Zerodur® blocks. 

Figure 7 is a perspective view of a joined flexural sample. 
Figure 8 is a perspective view of a joined CTE rod. 

4 
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Summary of Invention 

The present invention relates to a low-temperature process for tfie 
fahrication of lightweight composite g^s ceramic structures/ comprised^ e.gv of 
a plurality (e.g., two or more) of glass ceramic components, said glass ceramic 

5 components each being polished sufBdeniiy to fcnm at least one joining surface 
on each component providing a silicate-containing joining liquid to at 
least one of llie joining suifaces, bringing the joining surfaces of the plurality of 
gjass components together to form a joint;^ and allowing the joint to cure for a 
period of time at ambient temperature, whereby a cured joint is fanned between 

10 said plurality of glass components. It also relates to a glass ceramic composite, 
comprising a plurality of glass ceramic components, said compcments being 
rigidly connected by a silicate-containing layer formed by curing a silicate- 
containing liquid between the g^s ceramic components. The composites are 
preferably dehydrated by a carefully controlled dehydration process. 

15 For example, a low-temperature process for the fabrication of 

lightweight composite glass ceramic structures, comprises: 

providing a plurality of ^ass ceramic components, said glass ceramic 
components each being polished to fonn at least one joining surface on each 
component^ 

20 providing a silicate-containing joining liquid to at least one of the joining 

sur&ces. 
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bringing the joining suifeces of the plurality of g^s components togetiier 
to foixn a joints 

allowing the joint to cure for a period of time of at least 20 hours at a 
temperature of at least 20 degrees Q whereby a cured joint is formed between 
5 said plurality of glass components^ and 

dehydrating the cured joint gradually by raising the temperature sbwiy and 
maintaining an elevated temperature below the glass transition temperature of 
the ^ass ceramic for at least 20 hours. 
This invaition also relates to: 
10 A g^Uiss ceramic composite, comprising: 

a plurality of glass ceramic components, said components being rigidly 
connected by a silicate-containing layer formed by curing a silicate-containing 
liquid between the glass ceramic components at a temperature of at least 20 
degrees C for at least 20 hours; 
15 A mirror blank suitable for use in space or flight applications comprising a 

plurality of glass ceramic components joined by a silicate-containing liquid and 
cured at a temperature of at least 20 degrees C; 

A composite glass ceramic structure suitable for use as a microlithography 
stage comprising a plurality of g^s ceramic components joined by a silicate- 
20 containing liquid and cured at a temperature of at least 20 degrees Q 

A method of joining lightweight composite gjbss rpramic surfaces 
comprising applying to at least one of said surfaces a silicate-containing solution 
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and curing for an extended period at a slighiiy elevated temperatoie above room 
temperature; and 

A light weight glass-ceramic mirror blank, comprising: 

a face plate which is drcular in shape, 
5 a back plate which coirespcmds in shape and size to the face plate, 

a plurality of support elements located betiveen said face and back plates, 
said plurality of supporting elements forming a latticework 

said latticework and face plate and back plate defining a plurality of cells, 

said cells each being provided with a ventilation aperture or being open to 
1 0 the environment, 

said face plate, plurality of supporting elements, and back plate being 
joined by a silicate-containing liquid in a plurality of joining steps to form a 
plurality of joints, and at each step, the joint cured at a temperature of at least 20 
degrees C for a period of at least 20 hours. 
15 A light-weighted mirror blank according to the present invention can be 

comprised of thin (preferably <5cm) face and back-plates that are fused, joined or 
banded to a light-weighted core. Figures lA, IB, IC, and ID illustrate some of 
the separate components that may comprise a Eg^t-weighted Zerodur® mirror 
blank. While much of the description herein is in terms of the preferred 
20 Zerodur® material and mirror blanks, any glass ceramic material in general for 
any application is included in the invention. 
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With reference to Hgure lA, title fece 10 and back plates 14 may be flat or 
cunred sheets of Zercxiur® titiat are polished on bolii sides. The light-weighted 
core may be a polished honeycomb-shaped component; which may be prepared 
by water-jet cutthig segments from a solid slab of 2^erodur®. It may also 
5 comprise supporting elements 12 arranged to support and space the face and 
back plates. 

After assembly and fusiorv a light-weighted mirror blank often has an 
overall mass/volume ratio tiiat can be 30% of iiiat for a standard (solid) 
Zerodur® blanks or even as low as 5 or 10% or even lower. 

10 Hgure 16 is a top view illustrating a preferred arrangement induding liie 

supporting elements 16 and ventilation holes 18. 

Figure ID illustrates a preferred way of joining two supporting elements 
20, 22 using corresponding slots 24^ 26. Optionally, the slots may be prepared 
with polished mating surfaces and joined a]cxx>rding to the present invention. 

15 Applicants have developed a novel method for fabricating composites, 

especially lig^t-weighted glass ceramic mirror blanks and microlithography 
stages, at low temperatures. By low temperatures, as used herdn, is meant 
temperatures generally under the glass transition temperature of the glass 
ceramic Temperatures under 500°C may be suitable for practice of the 

20 invention, more preferably below 140^0, even more preferably below 130^, 
most preferably, the temperature is <120**C The light-weighted g^ass ceramic 
mirror blanks are intended for applications where dimensional stability, 

8 
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adequate strength and low mass/ volume are oiticaL Such applications indude, 
but are not limited to, optical systems iatended for space flight and airborne 
based applications such as satellites, navigation systems, and remote sensing, 
land-based systems, and precision structures such as microlithography stages. 

5 The light-weighted structures according to the present invention should 

be rigid when compared to a monoliihic piece of glass ceramic that the structures 
are replacing. By "rigid" is meant having essentially the same vibrational 
characteristics as the monolithic piece, being vihrationally, thermally, and 
otherwise dimensionally stable so £i5 to have essentially indistinguishable opto- 

10 mechanical and thermo-optical characteristics from those of the monolithic piece 
of glass ceramic 

In a preferred embodiment^ a low temperature joining technique is 
provided which allows li^t-weighted mirror blanks to be fabricated in a step* 
wise manner. 

15 In a preferred embodiment, a polished face-plate, back-plate and lig^t- 

weighted core are first prepared from the commercially available glass ceramic 
known as Zerodur®. 

The polished components are cleaned in various aqueous and non- 
aqueous solutions before being dried and placed in a dean room environment 

20 A small volume of an aqueous based, silica-containing, joining liquid is 

applied to the polished joining sur&ces of eadi component Assembly is then 
performed in such a way that the joining liquid forms an interface between eadi 
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component (Le,, between the faceplate and the Kght-weig^ted core). After a 
period of room temperature curings ligid joints are fonned throu^tiout the lig^t- 
weighted mirror blanl^ which can withstand tensile stresses >4000 psL 
Furthermore, the dimensional stability of the joined minor blank is similar to 
5 ihat of pure, monolithic Zerodur® (Le., the coefficient of thermal expansion of 
the blank is < 75 ppb/K, is unaffected by the jdning, and is the same as the 
monolithic g^s ceramic ihat is being replaced). Such room-temparature-cured 
mirror blanks are then pref^ably heated to temperatures ranging from 60 to 
VZO^'C to promote joint dehydration and accelerate the curing process. 

10 In a particular^ preferred embodiment^ the joints are subjected to an 

extended duration of slight temperature increase to dehydrate the joints. The 
removal of water horn the joints over an extended period of time dramatically 
increases the strength^ reliability, and rigidity of the structures according to flie 
present invention over the strength, reliability, and rigidity of joints tiiat are 

15 quickly dehydrated (e.g. by microwave). Preferable temperatures for the 
extended dinration dehydration izKiude from 20-50 degrees C for at least 20 
hours, more preferably from 30-40 degrees C for at least 20 hours up to three 
weeks. 

Several advantages arise out of the novel low-temperature joining process. 
20 First;, a light-weighted mirror may now be constructed piece by piece, thus 
eliminating some of the risk associated with the hig^ temperature processes. 
During high temperature processing the entire mirror blank could deform 
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during heating or fracture during coolings wiih no indication until furnace 
unloading. Second, a drying furnace capable of temperatures up to »120*'C may 
be required for low-temperature joining. Such low temperature drying furnaces 
are cxnmnerdally available and much less experts:ve than high temperature 

5 furnaces. Third, no material deformation occurs, since low temperature jdning 
is conducted at temperatures well below the Tg, where glass ceramics are elastic 
solids. Fourth, fully ceramized glass ceramics are utilized for low temperature 
joining. This eliminates the problems associated with the shrinkage that occurs 
when the g^s is converted to a glass ceramic during heat fusion. Fifth, pressure 

10 is not typically required for low temperature joining. Thus, no complicated 
loading/ unloading fixtures are necessary. 

These and other advantages will become apparent to one of skill in the art 
having regard for this disclosure. 

A lightweight mirror blank represents a substantial investment of time 

15 and materials, which makes the mirror blank very expensive. If a defect arises 
or a catastrophic failure occurs within the unit during high temperature bonding 
(e.g. heat fusion or frit bonding), the entire value-added process is a loss and the 
process must start anew. The applicants have developed a novel process which 
provides for the component by component gissembly of large, li^t-weighted 

20 structures, and may be accomplished at low temperatures (La well below the Tg 
of typical alkali-alumino silicate g^ses, <500'<:). 
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Glass ceramics liiat are joined according to liie instant invention are first 
prepared by selecting tiie monoIilMc pieces to be fefancated into a finished 
composite structure Various elements/ e*g. mirror components, face plates, back 
plates, and structural connectLcns are febiicated and sized to yield a coocnposite, 
5 Hg^t-welg^tedstnicturewhichhasalowlher^^ 

A lig^t-weighted mirror blank, for example, as used herein, is a physical 
structure onto which a reflective coating may by applied to form a functicmal 
mirror. Mirrors are typically used during flight or ^ace applications where 
remote sensing is being ccmdncted. SateDites which image portions of the earth's 

10 surfece, or other space-based observation platforms use such mirrors. A high 
levd of stability, structural and thermal^ is required to obtain an acceptable 
image. Space-based applications may be exposed to extremes in temperature, 
which require an extraordinarily reliable and sound structure 

Glass ceramics are suitable materials for such applications, since 

15 exhibit excellent stability during temperature fluctuations. One such glass 
ceramic is Zerodur®, which is an example of an especially preferred mirror 
blank material because it has excellent dimensional stability, owing to a CTE of 
less than 75 ppb/K from 0 - 50 "^C Otiier glass ceramics, based on Si02 - 
containing g^ses, indudxng Nexcera, a g^Uiss ceramic made by Nippon Steet 

20 Toiyo, Japarv V02 or V20, a lithium alumino silicate glass ceramic produced in 
VR China Xinhu Factory, Shanghai^ China, aearceram, Astro-Sitall and Siiall, 
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which are lithium alumino siHcate glass ceranucs produced by LytkarinO/ 
Moscow, Russia are suitable for Ihe practice of this inventioiL 

Normally, monoliihic (ie. solid) mirrors are utilized to fabricate predsion 
optics due to iheir ease of manufacture, dimensional stability, and excellent 

5 mechanical strengtlt A monolithic mirror blank is fabricated from a single 
piece, having no joints, and such mirror blanks are usually massive structures. 
For example, a standard^ cylindrical Zoodur® mirrOT blank with a diameter of 
1.5 m and a thickness of 0.25 m will have a mass of greater than 1,100 Idlograms . 
(Le. greater tiian 2,400 pounds). Lifting and/or automating such a massive 

10 weight often prevents the use of glass ceramic mirror blanks in flight or space- 
based applications. 

The present invention enables a series of components to be assembled, 
and can overcome the drawbacks associated with the large mass of monolithic 
mirror blanks. Lightweight mirror blanks, which preferably consist of thin 

15 (preferably less than 5 cm) face and back plates, that are attached to a li^t- 
weighted core, as shown in Figure 1. These three components, Le. face plate, 
back plate, and light-weighted core, are joined according to the present invention 
to form a stable, rigid, lig^t-weighted mirror blaxJc at low temperature. 

With reference to Figure 1, a novel light-weigfited mirror blank according 

20 to the present invention is seen. The outer surfaces of the mirror blank 10 may be 
flat; curved, concave, convex, or any geometrically desired shape. The face and 
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back plate are preferably between 0.5 an and 5 cm in thickness, most preferably 
about 1-3 cm liuck. 

Beneath the face plate (from the perspective of figure 1) is a lattice of 
supporting dements 12 fcnming a Hg^t ^ Eadi of these elements is 

5 also preferably a glass-ceramic to yield a tmiform coefficient of thermal 
expansion for the tznit The supporting dements are illustrated as aligned in a 
crosshatched manner, but any suitable arrangement^ which provides 
dimPTisional stability, is acceptable. The supporting elements are preferably 
designed for sufficient stability without excessive weight The elacnents may 

10 have voids drilled within (e.g. by water cutting or medianical drilling) to further 
reduce the mass of mateiiaL Other shapes and styles of supporting elements 
may be designed by one of skill in the art having regard for this disdosure. 

In an alternative embodiment; the lig^t-wd^ core is formed from 
monolithic Zexodur® by v^ter-jet cutting, tdtrasonic drilling, Iziser cutting, 

15 diamond saw drilling, etc 

When sudi a light weight mirror blank is finished, the overall mass may 
be reduced by as mudi as 70% or more when compared to a monolithic 
structure, yet retaining sufficient CTE and strength characteristics to be perfecdy 
suitable for airborne or space borne applications where high tolerances are 

20 e5q>ected. 

Appropriate components (induding a face plate, back plate, and light 
weighted core) should be sdected to obtain the maximum benefits of the instant 

14 
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invention. For example, a plurality of oomponenfs to be fabricated info a larger 
structure would be selected as follows. 

A plurality of components of glass ceramic with nearly identical CTE's are 
selected. By way of example, lihree slabs of 2jeroduri^ widi nearly identical CTE 
5 (Le., each within ±25 ppb/K) will be ^bricated. In this example, a 30 cm mirror 
blank is to be fabricated. 

Two slabs win have nominal dimensicms of 30 cm in diameter and 3 cm 
thick. These two slabs will fomi the &ce and back-plates of a light-wei^ted 
mirror blank according to the instant invention. The third slab will have a 
10 diameter and thickness of approximately, 30 cm and 4 cm, respectively. This 
third slab will be used to febiicate the light-weighted cor& 

The two slabs intended for the face and back-plates are cut and/or ground 
to an appropriate thickness, and then polished. The surfaces intended for joining 
are prepared with a surface figure of 1/3 X («2D0 nm peak to valley). Although 
15 the face and back-plates may be flat; other geometric shapes are possible (ie., 
they may be concave, convex, or of other suitable shape). 

A plurality of holes are drilled through the back-plate to reduce tiie 
overall weight of the mirror blank, and to provide an opening for each cell 
within the light-weighted core. 
20 The slab intended for the light-weighted core is cut and ground to an 

appropriate thickness and then polished. Both surfaces of the core have a surface 
figure of 1/3 X («200 nm peak to valley). Again, the core may be flat or of other 

15 
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geometric shape (L&, either side could be concave, convex^ or oiiier stiitable 
shape as appropriate to provide surfaces that will ''mate" with the face and back 
plates during assembly). 

The core is ihen weight-reduced by removing excess material without 
5 compromismg the structural integrity of the core. For example, it may be 
c onvex ' l e d into a honeycomb-like shape by water-jet cuttingr or any other method 
in the cutting art that can be used to transform a solid piece of g^lass into a 
honeycomb-like structure (La, laser cutting, uUrascmic drilling, drilling and 
cutting wilh conventional equipment etc.). The machined core will be refiened 

10 to as the light-weighted core hereafter. If necessary, the surfaces of the light- 
weighted core are re-finished to remove any surface damage that results from the 
weight reducing step. 

After the component pieces are selected and prepared, the next step of the 
instant novel process preferably includes cleaning Each component (face-plate, 

15 back-plate, lig^t-weighted core) is, if necessary, deaned simultaneously or 
independently, using the following procedure: 

Firsts the components will be immersed in a cleaning solution comprised 
of 10 vol% Micro Solution and 90 vol% deionized HiO for approximately 30 
minutes. This solution is preferably agitated by stirring, roddng, vibration or 

20 forced arculatioru The cleaning solution is then removed and ihe component 
immersed in deionized HzD for approximately 5 minutes. 
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The component is Ihen removed from tiie H2O and immersed in a KOH(b^ 
solution (0.01 to 9.0 M) for approximately 5 minutes. Subsequently, the 
components are removed from the KOH(aq) solution and immersed in deionized 
H2O for approximately 5 minutes. 
5 Finally, each component is rinsed with high purity (low residue) ethanol, 

then rinsed with hi^ purity (low residue) methanol, and transported into a 
dean room environment After transporting the components into the dean 
room^ deionized N2 gas will preferably be used to remove any residual methanol 
from the joining surfrices. Optionally, a CO2 sno-gun is used to remove any dust 
10 or particulate debris from the joining sur^ces. 

At this point, all joining surfrices are chemically dean and free from 
particulate debris. The dean, dry components are then stored, such that their 
joining surfeces are not in contact with any source of particulate or diemical 
contaminatioiu 

15 Once the component pieces are polished and deaned to the requisite 

degree, the surfaces to be joined should be free of debris and contain a large 
concentration of silanol (SI-OH) groups, as may be seen in figure Z 

An exemplary silicate ''joining liquid'' with the general oxide composition 
shovm in Table I is prepared and is used for low temperature joining according 

20 to the present inventioru The joining liquid typically contains silanol (Si(OH)4 
(aq)), alkali (Na+(aq)) and other aqueous spedes (Le, H2D(Bqv HsO^Caq), OH-{a«^). 
Although not wishing to be bound by the theoiy of joint formation, the notations 
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under "comments" give a theoretical explanation for tiie functionality of spedes 
in the joining liquid. 



Table I: Compositional Space for the 



Oxide Componen 


Wt% 


Comments 


HaO 


50-99.9 


H2D is the solvent and H;^ moleculK may 
contribute to loint strenglii by foimine 
hydrogen bonds across the pint interface 




0.01-40 


The SiQ2 component of the liquid is primarily 
responsible £ar joint xigidily (ie., -S^-O-Si cross 
links) 


• 

AI2Q3 


0-10 


A1203 could be added to the liquid to increase 
the chemical durability of the resulting join^ 
and to make the interfodal region more 
chemically similar to Zerodur"^ (alithium 
alumino-silirate glass ceramic) 


U2O 


0-20 


li^ ions could contribute to joint strength by 
forming li*/NBO (non-bridging o>ygerv SiO) 
bends. 


Na20 


0-20 


Na**" ions could contribute to joint strength by 
forming NaVNBO bonds. 


KbD 


0-25 


ions could contribute to joint strength by 
forming K+/NBO bonds. 


MgO 


0-10 


Mg^ ions could contribute to joint strength by 
forming Mg^/NBO bonds. 


CaO 


0-10 


Qsl?^ ions could contribute to joint strength by 
forming Ca2*/NBO borids. 


BaO 


0-10 


Ba2+ ions could contribulE to joint strength by 
forming Ba^^/NBO bonds. 


SrO 


0-10 


Sz^"^ ions could contribute to joint strength by 
forming Sr2+/NBO bcmds. 



5 Other suitable joining liquids rndude lithium alicate liquid, potassium 



^cate liquid^ magnesium silicate liquid, caldum silicate liquid, barium silicate 
liquid, strontium silicate liquid, mixed alkali silicate liquid, mixed alkali/alkaline 
earth silicate liquid^ mixed alkaline earth silicate liquid^ and silicate Hquid, where 
"liquid" refers to an aqueous solution. 
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Joining is initiated by sandwiching ihe appropriate hqmd between two 
clean surfaces, as shown in Figxire 3. Only a small volume ( preferably ^0.5 
fil/cm2) of Hie joining liquid is required to form a strong joint Larger or smaller 
vohunes may be used by one of skill in the art having regard for this disclosure. 

5 It is preferred that at a minimum there be at least 0.01 pl/cm^. 

In another embodiment of the present invention, ground or fritted glass- 
ceramic or glasS/ e.g., Zerodur® or silica-ccmlaining glass or g^s-ceramic, could 
be added to ihe joining liquid to form a stronger joint; fill in voids at the joint 
interface, and promote joint ddiydration. 

10 A joining liquid wiih the general composition shown in Table I is used to 

join the £ace and back plates to die ligjit-weig^ted core. Grst particulate debris 
is preferably removed from the joining liquid using filtration and/ or 
centrifagatiort The two joints required to fabricate a lig^t-wei^ted mirror 
blank (face-plate to lig^t-weighted core, and back-plate to lig^t-wdghted core) 

15 could be fabricated simultaneously, but preferably they are fabricated separately. 

Joining liquid is applied to one or both surfaces intended for joining {Le., 
to the back of the faceplate and the mating side of the light-wei^ted core) by 
any of a number of coating techniques. For example, spin coating may be used, 
where an excess of joining liquid is to be applied to the surface, and then the 

20 majority removed by high-RPM spinning. 

Another application technique is dip coating, where the surface is dipped 
into a vat of joining liquid of appropriate viscosity and then removed at an 
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appropriate speed to ensure that an adequate volume (at least 0.01 pi/ ceo?) of 
joining liquid remained. 

Anoliier suitable meiiiod is pipetting or auto-dispensing drops of joining 
liquid at various points on the joining surface. Upon joining, liiese drops would 

5 spread and provide an adequate volume of joining liquid. Yet anotiier method 
cxxntemplated by the instant invention includes joining the components while 
submerged in a vat of joining liquid, Le. assembling the mirror blank while 
submerged. Another method includes bringing the two components into 
contact and allowing the joining liquid to be introduced from the side and be 

10 drawnbetween the two surfaces to be joined by capillary action. CapiDaiy forces 
will ''pull" the liquid into the interfadal region and a joint will be formed. 

One skilled in the art having regard for this disclosure may envision the 
use of any automated technique commraly used to dispense liquid in, e.g., the 
adhesives industry. In a preferred embodiment^ reproducible volumes of joining 

1 5 liquid are applied to the joining surfaces. 

In an especially preferred embodimentir premature curing (hardening) of 
the liquid prior to joining is avoided by performing the joining in a humid 
environment The silicate liquid quickly dries under a dry atmosphere (<30% 
relative humidity) to form a residue, which results in an imperfect joint 

20 For example, when making a joint at a low relative humidity <30% RH, 

the following problems can occur. 
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1) Premature drying of the joining liquid resulting in a thick joini interface 
»1 micron. 

2) Premature drying of ihe joining liquid resulting in joint turbidity, 

3) Ft^mature drying around the edges of a drop of joining liquid that is 
5 applied to the joining surface resulting in a ring-shaped defect at the joint 

interface. 

4) Debonding affBr curing at room temperature. 

5) Debonding after heat treatment at temperatures ranging from SO^'C to 
600^C 

10 6) Premature drying of the joining liquid resulting in the inability to align 
the pieces once in contact 

7) Near impossibility of evenly coating a complicated light weighted 
structure prior to joining without encountering problems mentioned above. 

The problem is intensified as the volume of joining liquid is reduced (for 

15 instance from O.SjiL/cm^ to COSpl/cmi). 

In order to minimize these problems and to achieve defect reduced, strong 
joints, bonding should be conducted in a controlled humidity environment 
ranging from about 30% R.H. to about 100% R.R, preferably from about 60% 
R.H. to about 100% more preferably from about 75% RJl to about 95% 

20 ILH. A particularly preferred condition is at about 80% relative humidity. A 
suitable time period range between solution application and bonding contact of 
the surface, Le., bonding, is from immediately after application to about 10 
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minutes after appIicaliQiv preferably from immediately after application to about 
5 minutes after applicatiorv more preferably from immediately after application 
to about 1 minute after application. It is particularly preferred to contact the 
surfaces as soon as possible after solution application. 
5 In a preferred embodiment^ the ^eplate is brought into contact with the 

light-wei^ted core using an alignment apparatus. The joining liquid form s an 
interface between the two dearie polished (e.g., course or finely gromid) surfaces. 
Ihe joined component should be allowed to cure for at least 1 hour before 
attempting to fabricate the second joint 

10 After allowing at least 1 hour for the first joint (face plate to Bglht- 

weigjited core) to cure, joining liquid wiH then be applied to the back plate. The 
back plate is then brougjht into contact with opposite side of the lig^t-weig^ted 
care using an alignment apparatus. The joining liquid then spreads and forms an 
interface between the two components. In an especially preferred embodiment^ 

15 each hole in the back-plate is aligned with each cell (void) in the light-weigjited 
care. 

Aligning the holes in the back-plate with Ihe cells in the light-weigjhted 
core ensures that no air is trapped within the light-weighted mirror. Trapped air 
can be problematic, especially when the mirror blank is used for an application 
20 where appreciable temperature fluctuation can occur. Temperature fluctuations 
would change the air pressure within an airtight compartment and could cause 
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local variations in liie suzface figure of the £ront faceplate. Such local vaziaiions 
in surface figure could corapromise the performance of the inirror. 

Although not -wishing to be bound by the folbwing theoretical 
explanation, it is believed that the following mechanism explains the 
5 devdopmient of such mediaidcally strong, low CTB joints by the low- 
temperature joining process. 

Once the liquid is sandwiched between the two surfoces, condensation 
reactions (Equation (1)) begin as silanol groups combine to form -Si-O-Si- 
linl^ages, while releasing (condensing) H2O. 
10 -Si-OH +OH-Si -Si-O-Si- +H^0 (1) 

A rigid joint is formed when the -Si-O-Si- cross-linking spreads 
throughout the interfadal region and eventually binds the two joining surfaces 
together, as shown in figure 3. The resulting joint is composed of a hydrated, 
silicate solid. It is a sodium silicate solid if a sodium silicate liquid is used for the 
1 s joining process. 

It is believed tiiat the Si-O-Si- linkages are primarily responsible for joint 
strength. While the H2D present in the interfadal region (Le., that formed by 
condensation reactions and that originally present in the joining liquid) can 
evaporate from the joint interface, diffuse into the joining material^ or form 
20 h5^drogen bonds across the interface, it is believed that H2O can also contribute to 
the overall joint strength. Finally, ftie Na* ions are e?q>ected to form chemical 
bonds between non-bridging oxygen (NBO) atoms within the joint interface. The 
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result of -Si-O-Si- cross-lirJdng, hydrogen bonding and Na*/NBO bcmding is a 
rigid joint that typically has a strength ^4000 psL 

The residual H2O that remains in the interfadal region after room 
temperature curing may cantiibute to the overall joint strength by providing 
5 hydrogen banding. However, in an alternative embodiment of the present 
invention, the joint is dehydrated. If, for example, the end application for the 
joint requires stability at temperatures >100''C, removal of H2D will reduce the 
risk of failure. 

The fuJly joined, Eght-wdghted mirror blank would be allowed to cure at 
10 room temperature for at least 1 day, and preferably for 7 days before a 
dehydration should be attempted. 

Not all forms of dehydration will work in preparing joints according to 
the instant invention. For example, when Zerodur® - Zerodur® joints are 
prepared at room temperature and then subjected to microwave treatinent;^ 
15 catastrophic failure genorally occurs. Dehydration without catastrophic failure 
can best be achieved by using a slow, controlled heat-treatment schedule 
according to the present invention. 

When small samples of ^lass-ceramic Zerodur® (30x20x10 mm, joining 
surface 10x10 mm) are fabricated according to the present invention, after 1-week 
20 room temperature cure, these joints are strong enough that they cannot be 
fractured by hand. 
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When excessive force is applied, the resulting fracture does not necessarily 
occur at the joint iaterfaca When small Zerodur® - 2«odur® samples are 
fractured by impacting them on a hard surface, Ihe fracture often results in 
pullout of material on eidier side of the joint inter&ce. Zerodur® - Zerodur® 

5 joints formed at room temperature according to the instant invention show 
excellent strength characteristics as evident from the flexural strength testing 
results shown in Figure 4. A room temperature cured Zerodur® - Zerodur® 
joint has a flexural strength, which can exceed 9,000 psL 

The large flexural strengths (5,000 to 10,000 psi) achieved by joining and 

10 curing Zerodur® at room temperature are sufficient for space-based applications 
(where the allowable stress for Zerodur® is 750 psi). However, the strength and 
stability of such room-temperature-cured joints is deleteriously affected by 
temperature ramps (>10K/h). 

Quickly heating room temperature cured Zerodur® - Zerodur® joints to 

15 temperatures >50'*C (ie,, by subjecting the joint to excessive microwave 
radiation) will often cause catastrophic failxu-e. Although not wishing to be 
bound by this theory, it is believed that residual H2D at the joint interface is 
likely responsible for the strength degradation and proneness for failure when 
Zerodur® - Zerodur® joints are qtiickly heated. 

20 When a room temperature cured, Zerodur® - Z^dur® joint is heated at 

>10 K/h to temperatures >50**C, the vapor pressure of HaO within the hydrated 
joint interface is increased. This increase in vapor pressure cannot necessarily be 
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accommodated by H2O diffusion into the bulk Zerodur®. As noted previously, 
Zerodur® is a glass ceramic, wMch contains s^O wt% of sa50 nm HiM^ 
silicate crystals in a matrix of silica-rich glass. 

Most diffusion models for g^s-ceramks assume that the crystalline phase 
5 is impermeable to diffusing spedes, sudi as OH-, or H2D. Thus, the 

crystalline nature of Zerodur® likdyblodcsH20 diffusion into the bulk, and it is 
believed that the only way for H2O to escape the hydrated joint interface is by 
surface diffusion to the edge of the sample, see Figure 6. Once the H2D reaches 
the edge of the joint;, it can easily be removed by evaporation. 

10 When a Z^odur® - Zerodur® joint is rapidly heated, and the vapor 

pressure within the joint interface is not crffeet by H2D surface diffusion^ 
interfacial damage or joint failure can occur. Interfadal damage is generally 
apparent in the form of small (1mm) bubbles that form at the joint interface. 
Sudi damage usually occurs when a room-temperature-cured, Zerodtur® - 

15 Zerodur® joint is heated at >5 K/h in a furnace or oven. Sufficiently rapid 
heating (Le., subjecting a room temperature cured Zerodtff® - Zerodur® jcant to 
microwave radiation, in a commercial microwave oven) often causes catastrophic 
failure, as the joint simply "pops" apart 

A novel slow and sy s tematic heat-treating technique has been developed 

20 to dehydrate room-temperature-cured glass-ceramic and Zerodur® - Zerodur® 
joints. The heat-treatment schedule is shown in Table IL This heat-treatment 
schedule is suitable for joint dehydration where the mean firee path for H2D 
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suxface diffusion is preferably no greater llian 12.5 mm. litis exemplaiy 
treatment schedule is a prefieired schedule; slower treatments axe possible and 
may be preferable for different types of joints. Such treatment regimens may be 
easily developed by one skilled in the art haying regard for this disclosure. 

5 



Table XL Preferred Heat Treatment Schedule for Dehydrating 25x25 mm Joints 



step 


Ramp Rate (IQli) 


Temperature (°C) 


HoId(h) 


1 


0.001-2 


40 


10-40 


2 


0.001-3 


50 


15-60 


3 


0.001-3 


60 


20-80 


4 


0.001 - 3 


70 


20 


5 


0.001-3 


80 


20 


5 


0.001-3 


90 


20 


7 


0.001-3 


100 


20 


8 


0.001-3 


120 


20 



The strength of heat-treated Zerodur® - Zerodur® and ottier glass- 
ceramic joints may be slightly less than those cured at room temperature (Figure 

10 4), and this is likely due to the deletion of hydrogen bonding at the joint 
interface (as H2O is removed by evaporation). However, the strength and 
dimensional stability of such heat-treated joints are more than sufficient for use 
in light-weighted mirror blank applications and others requiring at least 750 psi 
strength. Figtire 4 shows that the flexural strength of Zerodur® - Zerodur® 

15 joints is always at least five times greater than the allowable stress for Zerodur®, 
regardless of heat-treatment temperature from 60 to 120^ Furthermore, the 
dimensional stability does not seem to be affected by heat-treatments up to 
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HO^'C, since the CTE of Zerodtir® - Zerodur® joints were not statistically 
different from titie average CTE of a monolithic Zerodur® slab (ie., -26 ± 10 
pb/K) as shown in Figure 5. 

Heat-treatment at temperatures above 120*C may furiiier increase the 
5 strength of a Zerodur® - Zerodur® joint The interfadal region that joins two 
Zerodur® sections together is essentialfy a sol-gd derived material (ie., iiie 
sodium silicate liquid (sol) was transformed to a rigid interfacial region (gel^ by 
curing. Sol gel materials derived from sodium silicate liquid can be heat-treated 
at temperatures exceeding 600^Q to increase the density and strength. However, 

10 the primary goal of a low-temperature joining process is to avoid as much 
excessive heat treatment as is p>ossible. 

In yet another preferred embodiment such joined components may be 
overcoated with a polymeric coating to prevent the loss of dried jcaning liquid 
after the joint has been cured. In many applications, the avoidance of particulatB 

15 debris, such as flaked off dust; is highly desirable and the addition erf a 
poljrmeric or other sealant coating is preferred. 

Although the foregoing discussion has been framed in terms of joining 
two or more glass ceramic structures, it is also possible to join a glass ceramic 
surfece to other tjrpes of surfaces using the same procedures and conMderations 

20 discussed above. Suitable other surfaces which can be joined to glass ceramic 
surfaces using the same silicate joining liquid and considerations indude 
surfaces of a glass, metallic, metallic alloy, crystalline, polymeric, etc. nature. 
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Typically; a suifaoe can be joined to a g^s ceramic suiface in aooordance witii 

tiiis invendon as long as it has sur&ce reactive groups which react with 

components of the joining liquid to form bcmds to bolh surfaces, e.g., which 

pemut the focmation of Si-bonds with the silicon atoms in the joining licpiid, e.g., 

5 via-O, -N-, -C-containing, -P- etc bonds, e.g., surface OHr PO^r etc gioups, 

or carbonaceous groups containingr e.g., -O- or -P- atoms, etc Suitable such 

surfaces indude, for example, 

"SiOi (glass, non crystalline) 
-quartz 

10 -A12Q3 (aluminum oxide, crystalline) 
-multi component silicate g^ass 
.BK.7 

- ULE, a titanium silicate glass produced by Coming, Inc, Coming New York 
-antimony silicate glasses 
15 -low expansion metallic alloys (e.g.. Invar) optionally coated with a ihin layer of 
SiQz 

-germanium glasses 
-teslluiimn glasses 
-borosilicate glasses 

20 

Thixs, where a glass substrate is used^ it is preferably a multi<x>mponent oxide 
glass, a non-oxide glass, or a mixed oxide glass. Prefored multi-component 
oxide glasses indude silicate, borate, germanate, telluride, phosphate or 
aluminate glasses. Preferred non-oxide glasses are chalcogenide, fluoride, heavy 
25 metal fluoride (e.g., ZBLAN®) or sulfide {e,g., Asi S3) glass. A preferred mixed 
oxide/fluoride glass is a fluorophosphate glass. Where a crystalline material is 
used it is preferably a single crystalline material, e.g., a non-semiconducting 
material such as liNbO^ a fluoride such as CaR or liF, a cWoride such as NaCl 
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or AgCl, an iodide such as KI, a hrozziide such as AgBr, ox an oxide such as 
Sapphire (AI2Q3). Altemativefy, the single crystalline material may be a 
semiconducting mateiial such as GaAs, InP, ZnS, ZnSe, ZnTe, Si or Ge. 
For joints to surfaces other than g^s ceramics, Ihe rate of heat treatment 

5 discussed above can be modified according to the nature of ihe non-glass 
ceramic surface. For example, for glasses such as silica and other materials 
which have open networks through which water can escape from the joint 
interface or which are hygroscopic (e.g., phosphate later glasses) rates higher 
than the approximate value of 5"K/hr mentioned above may be applicable, e.g., 

10 6, 7, 8, 10**K/hr etcL, dq)ending on Ihe siabstances involved. Routine expaiments 
win readily determine suitable values. 

Moreover, Ihe nature of the non*^ass-ceramic material will also 
straightforwardly affect the tennperature of heating. When glasses are joined^ the 
maximum temperature should not exceed tiie lowest glass transaction 

15 temperature of the jointed materials. Analogously, the maximum temperature 
should not exceed any value which would adversely affect the properties of the 
joined materials. For example, when one material has a CTB lower than the 
others, routine care will be taken to ensure that temperatures are avoided which 
woidd cause one or more bonded sur&ces to rupture or be stressed 

20 unaoceptably. 
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Although ihe foregoing discusses piimaiily mirror smfaces, virtually any kind 
of device can benefit from diis invention's surface joints, e.g./ also etalons^ 
vacuum chambers, low e^ansion structures in general, etc 

Without further elaboratioiw it is believed that one skilled in the art can, 
5 using the preceding description, utilize the present invention to its fullest extent 
The fblk)wing preferred specific embodiments are, therefore, to be construed as 
merely illustrative, and not limitative of the remainder of the disclosure in any 
way whatsoever. 

In the foregoing and in the following examples, all temperatures are set 
10 forth uncorrected in degrees Celsius; and, unless otherwise indicated, all parts 
and percentages are by wei^t 

The entire disdosxures of all applications, patents and publications, dted 
above, and U.S. Serial No. 09/597,157 filed June 20, 2000, are hereby incorporated 
by reference. 

15 

EXAMPLES 
Example 1 

Zerodur® samples widi approximate dimensions of 60x25x25 mm were used 
for an joining experiments. One of the 25x25 mm faces on. each sample was 
20 polished, with a surface figure of at least 1/3 X (200 nm peak to valley, this 
surfece will be referred to as the joining surface), while the other 25x25mm face 
was simply polished to a transparent finish. 
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The joming surfaces were cleaned using various solutions. First ^ samples 
were ulfiasonically deaned in a 10:90 volumetric ratio of Micro Cleaning 
Solution and deionized H2O. The samples wo-e then rinsed wife deiordzed H2O 
before being Tiltrasonically deaned wife 3.0 M KOH(a(0 soIutiotL Afisr cleaning 
5 wife KOH(aq) solution^ fee samples were rinsed wife deiordzed ItO, efeanol and 
mefeanol before beictg dried wife deionized N2 gas. Hnally, a OQ2 sno-gun was 
used to remove particulate debds from fee joining surfaces. The dean samples 
were placed within a dean, dust-free endosure until joining was conducted. 
The Zerodux® samples were joined using a low temperature joining process. 

10 When makuig a joint by fee low temperature joining process, sodium silicate 
liquid is sandwiched between two dean, polished, joining surfaces. A 
medianically strong joint is formed when fee liquid cures and fcnms a rigid 
interface between fee two joining surfaces. 

A sodium silicate liquid containing k15 wt% SiCb and «6 wt% Na2D was used 

15 for all Zerodur® - Zerodur® joining experimmts conducted for strengfe 
evaluation. The joining liquid was prepared by diluting commercially available 
sodium silicate liquid wife deionized water. After dilution^ fee resulting liquid 
was fQtered wife a 0.2 pm filter, before centrifugation was used to separate and 
remove any remaining particulate debris. A 3 pi drop of fee centrifuged sodium 

20 silicate joining liquid was applied to fee joining surface of a Zerodur® sample 
using a pipette. A second joining surface was feen brougjit down upon fee 3 pi 
drop to spread and sandwich fee joining liquid between the two Zerodur™ 
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surfeces. AH of ihe joming experiments were conducted in a dean, dust free 
enclosure. 

The joint assembly (two 60x25x25 mm samples joined widi the sodium siHcate 
liquid) was allowed to cure for at least 7 days at room temperature (15 to 30°C). 

5 Some joint assemblies were also heat-treated at teoiperatures ranging from 60 to 
120°C Flexural samples were machined from fhe room temperature cured and 
heat-treated joint assemblies, as shown in Hgure 7. 

Care was taken during machining to ensure that Ihe samples were not 
subjected to elevated temperatures (> 50^C) or corrosive liquids (Le., add-based 

10 pitch remover). Ihe goal was to madune samples from the joint assemblies 
without ddeteriously affecting the joint strength. The resulting flexural samples 
were nominally 3x4x45 nmw in accordance with the ASTM standard C1161-94 
"Standard Test Method for Flexural Strength of Advanced Ceramics at Ambient 
Temperature." The 4x45 mm faces of the flexural specimens were ground with 20 

1 5 pm AbCH grinding media before flexural strength tests were conducted. 

Flexural strength testing w£is conducted in accordance with ASTM standard 
C1161-94. Flexural strength wais measured for Zerodur® - Zerodur® joints that 
had been cured at room temperature, and those heat-treated at 60/ 90, or 120''C 
for 20 h. The flexural strength of monolithic Zerodur® was also measixred for 

20 comparative purposes (note that the monolithic Zerodur® flexural surfaces were 
also prepared with a 20 }jm AI2Q3 grinding media). 
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The results from liie flexural strength testing are shown in Figure 4. The 
average flexural strength of the Zerodur® - Zerodur® joints was greater than 
5^0 psi^ regardless of the heat-treatment temperature. However, titie Zerodur® - 
Zerodur® joints always yielded a lower flexural streng& than the monolifliic 
Zerodur® samples, which had an average flexural strength of >13,000 psL A 
flexural strength of 5000 psi is more than six times greater than the allowable 
working stress (750 psi), and more than tiiree times greater than the ultimate 
handling stress (1,500 psi) for Zerodur®. Thus, Zerodur® - Zerodur® joints 
prepared by the low temperature joining process and heat treated at 
tonperatures ranging from 60 to 120X1 are expected to be suilably strong for use 
li^t-weig^ted Zerodur® mirror blanks. 

Example 2 

The CTE of components joined according to the present invention is most 
IS preferably the same as that of monolithic glass ceramic materials. The 
minimizatLcm or elirrunation of joint-induced CTE variation ensures dimensional 
stability when the mirror-blank is used for applications, such as remote sensing. 

Testing was conducted to determine whether a composite glass ceramic joint 
has the same CTE as monolithic glass ceramics. All samples intended for CTE 
20 evaluation were obtained from the same slab of Zerodur® (Melt Number F- 
9831). The intrinsic variation of CTE in the slab was determined by measuring 
the CTE at three positions. The tiuree values of CTE were -33, -25 and -20 ppb/K 

34 
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(each CTB reported herein is an average value, measured from 0 to 50*C). Note 
that the typical measurement acxruraq^ for the CTE in the temperature range of 0 
to 50**C is ±10 ppb/K and tfie precision under repeatability conditions is ±5 
ppb/K Iherefbre, the average CTB of the Zerodur® slab from 0 to 50 (Mdt 

5 Number F-9831) was -26 ± 10 ppb/K. 

Samples with the nominal dimensions of 60x25x25 mm were used to prepare 
Zerodur® - Zerodur® joint assembKes for CTB evaluation. These samples were 
cleaned and joined using ihe same procedures described in the Mechanical 
Strength section (above). Two Zerodur® - Zerodur® joint assemblies were 

10 prepared for CTE evalxiation and allowed to cure for at least 7 days at room 
temperature. A CTE rod (6 mm diameter) was core drilled from each of the two 
' joint assemblies, as shown in Figure 8. 

The CTE of the first rod was measured before and after 20 hour heat- 
treatments at 60, 100 and 120''C, while ihe CTE of the second rod was measured 

15 before and after 20 hour heat-treatments at 60, 90 and 120**C Rgure 4 compares 
the CTE data collected from each of the joined CTE rods with the average CTE of 
the Zerodur™ slab (melt number F-9831). Note that all CTE data are within 10 
ppb/K of the average CTE measured for the Zerodur® slab. Thus, the low 
temperature joining process does not affect CTE, and when the process according 

20 to the present invention is used to fabricate Hght-wdg^ted Zerodur® mirror 
blanks, remarkably superior and stable composite structures are formed. 
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Examples 

One general procedure liiat can be used to prevent tiie silicate-oantanung 
joining liquid from prematurely drying prior to bonding is as follows. 

Strong bonds between Zerodur® pieces were made in a class 100 dean 
5 box with humidity control (+2% Relative Humidity) at amirient temperature. In 
one experiment;, a polished face plate and polished back plate were jointed to a 
latticed 2-part polished rib structure assembled with slots as shown in Hgure ID. 
In a second experiment^ a water-jet cut lig^t-wezg^ted core was joined to a 
polished ^e plate and polished back plate. The bonding surface of the core was 
10 coarse ground. Ihe face plate had four ventxktion holes as zQusfrated in Figure 
IB to allow dehydration of the joints. In a third e^qporiment, 3mmx4mmx45mm 
parallelpipeds were joined on a 4mmx45mm fine ground side to a polished plate. ' 
The relative humidity was varied from 25-90% RJL at ambient temperature. The 
time period between solution application and bonding was varied as well from 
15 immediately after application to 10 min. aStet application. 

At RH values of 30% and higher, die joiats were excellent; e.g., at RH less than 
30%, the joints had imperfections. 

The preceding examples can be rq>eated with similar success by 
substituting the generically or specifically described reactants and/or operating 
20 conditions of this invmtion for those used in the preceding examples. 

From the foregoing description, one sidlled in the art can easily ascertain 
the essential characteristics of this invention and, without departing from the 
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spirit and scope ihereof/ can make various changes and modifications of &e 
invention to adapt it to various usages and conditions. 
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We claim: 

1. A low-temperature process for the fe.faticatim of lightweight cxxmposiie 
glass ceramic structures, c om prising: 

providing a phxraHtjr of g^s cerainic components, said gjlass ceramic 
5 camponenis each being polished to for m at least one joining surface on each 
oomponenl; 

providing a siHcate-coniairdng joining liquid to at least one of the joining 
surfaces, 

bringing the joining surfeces of the plurality of g^lass components together 
10 tofbrmajoinl;^ 

allowing title joint to cure for a period of time of at least 20 hours at a 
temperature of at least 20 degrees C whereby a cured joint is formed between 
said plurality of g^ass components, and 

dehydrating Ihe cured joint gradually by raising the tonperature slowly 
15 and maintaining an elevated temperature below the g^s liansition temperature 
of the gflass ceramic for at least 20 hours. 

2. A method as claimed in daim 1, wherein ihe step of dehydrating comprises 
gradually raising the temperature at a rate which allows dehydration of the joint 
20 without imparting damage to the joint from accderated H2D evaporation. 
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3. A process as daimed in claim 1, wherein the glass ceramic CQmponents are 
Zerodur® components. 

4. A process as daimed in claim 1, wherein Ihe glass ceramic components 
5 indude a low expansion material prepared by partially ceramizing a fitfaium 

alumino silicate ^ass. 

5. A process as claimed in claim 1, wherein the glass ceramic components 
indude a material sdected from the group consisting of Nexcera, Qearceranx 

10 V02,Astrosita]landSitaIL 

6. A process as daimed in daim 1, wherein ihe silicate containing liquid is a 
lithium silicate ccntaizung liquid or a sodium silicate containing liquid. 

15 7. A process as claimed in claim 1, wherein the silicate containing liquid is an 
alkali silicate/ alkaline earth sihcate, mixed alkali siHcate, mixed alkaline earth 
silicate, or mixed alkali/ alkaline earth silicate liquid. 

8. A process as claimed in daim 2, wherein the step of gradually raising the 
20 temperature comprises increasing the temperature at a rate less than or equal to 3 
degrees K/hour. 
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9. A process as daimed in claim 8, wherdn the temperature is periodically 
stabilized and held. 

10. A process as daimed in daim 9, wherein the temperature is stafaflized at 
5 intenralsof fix)m 5 to 20 degrees C and held for at least 10 hours. 

11. A process as daimed in daim 10, wherein the temperatore is stabilized at 
intervals of about 10 degrees C and held for about 20 hours. 

10 12. A process as claiined in claim 1, wherein the components indude at least one 
component with a hollowed out light-weighted portion. 

13. A process as daimed in daim 1, wherein the components comprise segments 
of a lig^t-wdgtited core. 

15 

14- A process as daimed in daim 1, wherein the components indude a mirror 
blank. 

15. A process as claimed in daim 1, wherein the period of time is at least one 
20 hour. 
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16. A process as claimed in daim 1, wherein the period of time is at least one 
day. 

17. A process as claimed in claim 1, wherein the period of time is at least one 
5 week. 

18. A process as daimed in daim 1, wherein the step of providing the silicate 
containing liquid comprises applying the silicate containing liquid in an amount 
of at least 0.01 microliter /cm^. 

10 

19. A process as daimed in daim 2^ wherein the temperature is from 60 to 600 
degrees C 

20. A process as claimed in claim 19, wherein the temperature is below 120 
15 degrees C 

21. A glass ceramic composite, comprising: 

a plurality of glass ceramic components, said ccmponents being rigidly 
cannected by a silicate-ccmtaining layer formed by curing a silicate-containing 
20 liquid between the gjass ceramic components at a temperature of at least 20 
degrees C for at least 20 hours. 
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2Z A g^s ceramic composite as claimed in claim 21, wherdn liie cured silicate- 
containing layer is dehydrated at a temperature at or below 600 degrees C 

23. A g^ass ceramic composite as claimed in claim 22, wherein the cured silicat&- 
5 containing layer is dehydrated at a temperature at or bdow 120 degrees C 

24 A glass ceramic composite as claimed in. daim 21, wherein the phirality of 
glass ceramic components comprise 2^odur componenis. 

10 25. A glass ceramic composite as claimed in daim 21 wherein the plurality of 
g^s ceramic components indude a glass ceramic material prepared by partially 
ceramizing a lithium alumino silicate glass. 

26. A glass ceramic composite as claimed in daim 20, wherein the plurality of 
15 glass ceramic components indude a material selected from the group consisting 

of Nexcera, Qearceram^ V02, Astrositall and SitalL 

27. A glass ceramic composite as claimed in daim 21, wherein at least one of the 
glass ceramic components contains a hollowed out space. 

20 

28. A glass ceramic comiposite as claimed in daim 21, wherein at least one of the 
components comprises a mirror blank. 
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29. A glass ceramic composite as claimed in daim 21, wherein tiie lig^t weighted 
section is prepared by assembling separate segments of glass ceramic. 

30. A glagft ceramic composite as claimed in claim 16, wherein the rigid 
5 connection can withstand tensik stresses dming usage of at least 750 psL 

31. A mirror blank suitable for use in space or flight applications comprising a 
plurality of glass ceramic components joined by a silicate-containing liquid and 
cured at a temperature of at least 20 degrees C 

10 

3Z A mirror blank as claimed in daim 31, wherein the mirror blank is formed 
from a face plate, a back plate, and at least one supporting dement 

33. A mirror blank as daimed in claim 32^ wherein there are a plurality of 
15 supporting dements. 

34. A minor blank as claimed in daim 33, wherein the plurality of supporting 
elements comprise crossed vertical walls, said vertical walls being provided with 
slots to form a lattice. 

20 
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35. A minor blank as daimed in daim 34, wherein each lattice opening forms a 
celt and fhe cell is provided with a ventilation hole or is open to the suxrotmding 
environment 

5 36. A composite glass cerandc structure suitable for use as a microlitiiography 
stage comprising a plurality of glass cerantdc con^nenis joined hy a silicate- 
containing liquid and cured at a temperature of at least 20 degrees C 

37- A method of joining lightweight composite glass ceramic surfaces 
10 comprising applying to at least one of said sui&ces a silicate-containing sohition 
and curing for an extended period at a slighHy elevated temperature above room 
temperature. 

38. A method as r1 aimed in clahn 37, wherein the temperature is from 30 to 50 
15 degrees C, and the extended period is at least 20 hours. 

39. A g^ass ceramic composite as daimed in claim 21, wherein said silicate- 
containing layo: comprises, in wei^t %, 

H2O 50-99.9 
20 SiOz 0.01-40 
AI2O3 0-10 
LbD 0-20 
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Na20 0-20 
K2O 0-25 
MgO 0-10 
CaO 0-10 
5 BaO 0-10 
SiO 0-10. 



40. AUghtwdg^tg;lass<eramkmiirorblaiJc,c^ 

a face plate which is circular in shape, 
10 a back plate which corresponds in shape and size to tiie face plate, 

a plurality of support elements located between said face and back plates, 
said plurality of supporting elements fomung a latticework 

said latticework and face plate and back plate defining a plurality of cdls, 

said cells each being provided with a ventilation aperture or being open to 
15 liie environment; 

said face plate, plurality of supporting elements, and back plate being 
joined by a silicate-containing liquid ia a plurality of joining steps to form a 
plurality of joints, and at each step, the joint cured at a temperature of at least 20 
degrees C for a period of at least 20 hours. 

20 

41. A mirror blank as claimed in daiml, wherein the joint is further dehydrate 
at a temperature of from 30 to 50 degrees C for at least 20 hours. 



wo 01/98225 



PCT/USOl/41042 



4Z An optical or elecirooptical device comprismg a composite of daim 21. 

43. A device of claim 42 which is an etalon. 

5 

44. A vartinm rTiamTv»r rnmprtofng a mmpngifp nf rTatm 71 

45. A composite of claim 21 wMch has alow Goeffident of expansicn^ 

10 46. A low-tEmperature process for the fehricaiion of a lightweight composite 
glass ceramic sfmctare, co m prising: 

providing at least two surfaces at least one of which is a glass ceramic, and 
the other of which is a glass-ceramic or another material having a surface group 
which reacts with a silicate joining liquid to form a stable bond, said surfaces 
15 each being polished to form joining surges cm eadv 

providing a silicate-containing joining liquid to at least one of the joining 
svcriaces, 

bringing the joining surfoces together to form a joints 
allowing the joint to cure for a period of time of at least 20 hours at a 
20 temperature of at least 20 degrees Q whereby a cured joint is formed between 
said sur^ces, and 
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dehydrating the cured joint gradtiafly by raising the temperature slowly 
and maintaining for at least 20 hours an elevated temperature below the lowest 
temperature at which one of the joined components is adversdy affected. 

5 47. A process of daim 46 wherein at least one of the surfeces is SiOzr quartz, 
AyDs, multi component silicate glass, BK-7, ULE, antimony silicate g^iass, a low 
expansion metallic alloy, optionally coated with a thin layer of SiQz/ germanium 
glass, teUuzium glass or borosilicate glass. 

10 

48. A process of claim 46 where at least one of the surfaces is a glass and said 
elevated temperature is below the lowest gjass transition temperature of said 
joined sur^ces. 

15 49. A process as claimed in claim 46, wherein the glass ceramic component is 
a Zerodur® component 

50. A g^s ceramic composite, comprising. 

at least two surfaces at least one of which is a glass ceramic and the other 
20 of which is a ^ass-ceramic or another material having a surface group which 
reacts with a silicate joining liquid to form a stable bond, said surfaces being 
rigidly connected by a silicate-contaiiring layer framed by curing a silicate- 

47 



wo 01/98225 



PCT/USOl/41042 



contaiziing liquid between ihst glass ceramic surface and said oiiier sori^ce at a 
temperatore of at least 20 degrees C for at least 20 hours. 

51. A glass ceranuc composite as claimed in claim 21, wherein the g^lass 
5 ceramic surfoce comprises Zerodur® . 

52. A glass ceramic composite of claim 21 wherein said other surface is SiC^ 
quartz;, AI2Q3/ multi component silicate g^ass, BK-7, ULE, antimony silicate gjass, 
a low expansion metallic alloy, optionally coated with a thin layer of SiQ^ 

10 germanium glass, tellurium glass or borosilicate glass. 

53. A process of claim 46 wherein said joining hquid comprises ground or 
fritted silica-containing glass-ceramic or glass. 
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